Abstract An alchemical free energy method with explicit solvent molecular dynamics simulations was applied as part of the blind prediction contest SAMPL3 to calculate binding free energies for seven guests to an acyclic cucurbit-[n]uril host. The predictions included determination of protonation states for both host and guests, docking pose generation, and binding free energy calculations using thermodynamic integration. We found a root mean square error (RMSE) of 3:6 kcal mol À1 from the reference experimental results, with an R 2 correlation of 0.51. The agreement with experiment for the largest contributor to this error, guest 6, is improved by 1:7 kcal mol À1 when a periodicity-induced free energy correction is applied. The corrections for the other ligands were significantly smaller, and altogether the RMSE was reduced by 0:4 kcal mol À1 . We link properties of the host-guest systems during simulation to errors in the computed free energies. Overall, we show that charged host-guest systems studied here, initialized in unconfirmed docking poses, present a challenge to accurate alchemical simulation methods.
Introduction
Calculation of accurate and precise ligand binding affinities has potential for significant impact on drug discovery, providing high fidelity guidance for molecular synthesis and experimental affinity assays. The varied available computational approaches for calculating affinities involve a balance of computational cost with both the detail of the model employed for the binding partners and the physical approximations applied to the calculation. In this study, a computationally intensive method was used with atomistic molecular dynamics (MD) simulations to compute binding free energies. While this approach is based on rigorous statistical mechanics principles [1] [2] [3] [4] [5] [6] [7] [8] , its practical application for estimation of free energies is still challenging for systems with many degrees of freedom.
To examine the predictive power of binding free energy calculation approaches, a simplified system of binding partners is useful for method comparison and identification of specific challenges. Blind predictions are key for eliminating bias for the investigators and emulating practical applications of these approaches. This study reports blind free energy predictions for host-guest systems, which exemplify protein-ligand association in the types of interactions formed and the applicable statistical mechanics [9] , but with fewer degrees of freedom to sample.
The calculations reported here are alchemical absolute binding free energy calculations, which employ MD simulations of unphysical intermediates in order to compute the free energy change for the transfer of the ligand from the unbound to the bound state [10] . The binding free energy is computed using the well-established thermodynamic cycle (Scheme 1), in which the guest is transformed into a non-interacting molecule within both the host-bound and unbound solvated environments [11] . In this study, independent MD simulations are employed for each intermediate alchemical state, which has been shown to improve reliability in free energy results [12] [13] [14] .
Simulation methods

Overview
In this work, we computed binding free energies for seven guests, provided by SAMPL3, to the acyclic cucurbit-[n]uril host 5a from Ma et al. [15] . Binding free energies were computed with an alchemical technique, using multiple, independent explicit solvent MD simulations and an all-atom force field. We performed absolute binding free energy calculations, during which ligand non-bondeded interactions are slowly turned off over several unphysical, alchemical intermediate states. This process requires two separate calculations, in which the ligand is decoupled [4, 16] from both the host-bound and unbound environments, to respectively compute DG complex and DG free (Scheme 1). The difference of these results gives DG bind , which is corrected for the standard state DG bind , as described below.
Molecular dynamics simulations
Initial coordinates for the acyclic cucurbit-[n]uril host, 5a from Ma et al. [15] were available from X-ray crystallography experiments. The host titratable groups were treated at neutral pH (all carboxyl groups de-protonated). Ligands were prepared from their structure data files (SDF) made available through SAMPL3 in Maestro using the Schrö-dinger tool Ligprep [17] . All tertiary amine groups were protonated to be quaternary ammonium cations, giving all guests a ?1 charge except for guest 6, at ?2, and the neutral guest 4. Glide [18, 19] , with the XP [20] scoring function, was used to dock ligands into the host. The top scoring docking conformation was used as a starting configuration for MD simulations.
After obtaining the docked host-guest complexes, molecular models were generated with tleap [21] , using the Generalized Amber Force Field (GAFF) [22] for all bond, angle, and torsion parameters. Atomic partial charges were derived from RESP [23] fitting of Gaussian03 [24] calculated electrostatic potentials at the Hartree-Fock/6-31G * level. The compatible TIP3P [25] water model was used, with the triclinic simulation box generated to provide a 12 Å water buffer to the periodic boundary. All systems were neutralized with counter-ions, which have AMBER rescaled parameters [26] .
All simulations were performed using the NAMD software package version 2.7b1 [27] . A 2 fs timestep was employed, with hydrogen-containing solute bonds constrained using RATTLE [28] and water geometries constrained using SETTLE [29] . The Particle Mesh Ewald (PME) approximation [30] with a maximum grid spacing of 1 Å was employed for electrostatics. Short-range nonbondeded interactions were evaluated every 2 fs and longrange electrostatics every 4 fs (non-bondeded interaction cutoff: 12 Å ; switching distance: 10 Å ) [27] . After incremental heating to 300 K at 1 atm, the system was equilibrated for 2 ns in the NPT ensemble with Langevin pressure and temperature controls [31] . Independent NPT simulations were initialized with random velocities for free energy calculations.
Free energy calculations
For free energy calculations, the SAMPL guests were alchemically decoupled from the surrounding environment with the coupling parameter k. This parameter is bounded by 0 and 1, and linearly scales all ligand non-bondeded potential energy terms. Thermodynamic integration (TI) [32] , as in Eq. 1, was used to compute the free energy of decoupling the guests from a freely solvated and the hostbound environments, giving DG free and DG complex , respectively (Scheme 1).
In Eq. 1, U is the total potential energy of the system, with non-bondeded terms scaled by k. Following the traditional alchemical thermodynamic cycle, DG complex is subtracted from DG free to obtain DG bind (Scheme 1).
Scheme 1 Thermodynamic cycle employed for alchemical free energy calculations TI was performed using the NAMD 2.7b1 free energy module, computing the oU ok k term from Eq. 1 as the average from multiple, independent simulations at each k value. Such an approach has been shown in to improve the reliability of TI free energy predictions [33] . The employed simulation times, k intermediates, and the number of independent simulations are summarized in Table 1 . Electrostatics and van der Waals components of the ligands were decoupled in separate steps, with both inter-and intra-molecular non-bondeded potential terms scaled by k. The soft-core potential by Zacharias et al. [34] was used to eliminate instabilities (shift parameter d = 5). For calculation of DG free , all k intermediate simulations were initialized sequentially, i.e. each simulation was initialized from the end configuration of the preceding k simulation. To expedite wall-clock time for the more computationally expensive DG complex calculations, each k intermediate was initialized independently from an equilibrated starting structure and run in parallel. For the case of guest 1, which has two stereoisomers, free energies for both R and S enantiomers were computed and the mean of the two was submitted as the binding free energy of a racemic mixture. The binding free energy for guest 6 was computed by Boltzmann weighting the independent results for its three distinct stereoisomers, which are all equivalent at k = 1 ( Table 1) .
The oU ok values of Eq. 1 were printed for each k every 0.1 ps and their forward cumulative average was monitored to evaluate convergence. Most oU ok values reached local convergence around 500 ps (data not shown); thus, collection of data for oU ok k began after a 500 ps of equilibration period was discarded (Table 1) . TI derivative data from all independent simulations was used to contribute to the ensemble average. Numerical integration of Eq. 1 was performed using an interpolated cubic spline, weighted by 1 r k , where r k is the bootstrapped error computed on oU ok k . This error was computed after de-correlating the data at intervals of the statistical inefficiency g as described and coded by Chodera et al. [35] and 1,000 subsamples were used in the bootstrap method [36] . The r k values were propagated in quadrature for an overall error on the free energy estimates s bind , which are reported along with the free energy results in 2. k values were chosen to span the range [0, 1], with more intermediates near the initial and final states. Additional points (particularly in the vdW region k [ 0.9) were added after inspection of the curves in order to reduce the integration error.
A Cartesian harmonic restraining potential Uðr L Þ ¼ [4, 37, 38] to DG complex for transferral of the ligand from the restricted volume V pocket to the bulk V°as
To reflect host-guest binding at a standard ligand concentration of 1 M, values of V°= 1661 Å 3 and T = 300 K were used. V pocket was explicitly determined from multiple MD trajectories using the VMD VolMap plugin [39] . This procedure gave RT lnð V pocket V Þ corrections that are listed in 2 and were typically about 3-4% of the total binding free energy change.
To correct for the periodicity-induced shift in the computed free energies, due to the change in overall system charge when decoupling a charged ligand, we applied the correction as described by Hunenberger et al. [40] :
Here e 0 is vacuum permittivity, e s ¼ 97 is the solvent relative permittivity for TIP3P water [25] , e i ¼ 1 is the relative solute internal permittivity, n EW = -2.837 [40, 41] is the self interaction potential for cubic periodic boundary lattice conditions, L is the length of the cube (we approximate the triclinic box as a cube, and use an L that gives an equivalent box volume), R is the host-guest complex radius of gyration, computed using the GRO-MACS [42] tool g_gyrate, and q is the charge of the system at the initial or final state of the free energy calculations. Hence, if the system undergoes a transition from 0 to -2 after decoupling a ?2 charged ligand, Eq. 3 is evaluated with both q = 0 and q = -2 to compute the correction DDG pbc to be added to the TI free energy result.
Results and discussion
Docking poses
The docked poses of the seven guests are shown in Fig. 1 . The poses can be described by two general motifs. Guests 2, 4, 6 and 7 are completely threaded through the host, with functional groups on each side of the host surface. Guests 1, 3, and 5 extend a substituent into the center of the host, with the rest of the molecule extending along the surface. In particular, guests 3 and 5 have unique binding poses, with just the ethyl-substituted ammonium group inside the host. In the crystal structure used for docking, the host carboxyl groups are oriented towards each other. However, during equilibration MD simulations, these groups immediately separated due to the opposing charges. The root mean square deviation (RMSD) of host atoms from the crystal docking pose was consistently &1.5 Å during equilibration. This change forced adjustment of the guest binding pose, with only guest 1R, 2, and 7 maintaining a consistent salt-bridge distance of \4 Å between its ammonium and a single host carboxyl group. All three of these guests have a docking pose that places the ammonium group near the surface of the host (Fig. 1) .
Comparing SAMPL results with experiment
Results from TI free energy calculations for seven SAMPL ligands gave a root mean squared error (RMSE) of 3:6 kcal mol À1 from the reference experimental results, with an R 2 correlation of 0.51. The Kendall-Tau rank correlation coefficient was 0.52. Two lists the computed free energy components from Scheme 1, the values of the standard state correction in Eq. 2, the binding free energies and errors, and the difference from the experimentally derived value. A plot of the calculated standard state binding free energies ðDG bind Þ with the experimental results ðDG exp Þ is shown in blue in Fig. 2 , along with the ideal correlation line (black) and the 2 kcal mol À1 RMSE boundary (green). Red circles indicate data with an additional correction described in another section.
Guests 4 and 6 contribute most to the RMSE, with guest 6 at 6:0 kcal mol À1 from the experimental value, and guest 4 at 5:3 kcal mol À1 ( Table 2 ). As described in Table 3 , guest 6 is the largest and most flexible ligand, similar in size to its host binding partner, and has the largest charge 2); therefore this ligand may represent a greater challenge to free energy prediction, both for the accuracy of the force field description of host-guest interactions, and for sampling. Guest 4 is the smallest ligand, and also the only molecule parameterized as neutral at pH 7. The binding free energy for this particular ligand was consistently predicted to be overly favorable in submissions for the SAMPL3 blind prediction ( Table 2) . Table 3 lists properties of the seven guests, along with the difference between calculated and experimental binding free energies. These differences are not correlated with molecular weight and number of rotatable bonds; the heaviest, largest guest 6 and the lightest, smallest guest 4 gave the worst predictions (Table 3 ). While five of the guests were predicted to be stronger binders than found by experiment, guests 3 and 5 were predicted to be weaker binders. These two ligands were docked in unique binding modes ( Fig. 1 ) that changed significantly during equilibration, as seen with RMSD (Table 3) . Guest 3 deviated 5.1 Å and guest 5 changed by 3.8 Å over 2 ns of simulation (Table 3) . Guest 5 may be in a particularly unfavorable docking pose, as the molecule briefly became unbound near the end of the equilibration. These potentially unfavorable docking poses could explain the weak predicted binding free energies for these two ligands ( Fig. 2 and Table 2 ). Guest 6 also deviated significantly from the docked pose, with an RMSD of 4.1 Å (Table 3) , although this guest has the most rotatable bonds (Table 3) , and the large RMSD may be mostly attributed to the flexibility of the molecule.
Properties of host-guest complexes
A comparison of the root mean square fluctuation (RMSF) of the guests throughout the alchemical simulations makes a qualitative link between the sampling and the difference between predicted and experimental free energies. The RMSF values computed over all simulations used in the TI calculation of DG complex for each ligand is listed in (Table 2) , as well as data with the correction in Eq. 3, DG bind þ DDG pbc (red, Table 3 ). Free energies are labeled with their corresponding guest. Note that guest 4 has no corrected (red) result. Lines also depict absolute correlation (black) and the 2 kcal mol À1 RMSE boundary (green)
3. Guest 6 demonstrated the most flexibility during the alchemical simulations, with an average RMSF (2.7 Å ) that is two standard deviations higher than the average RMSF over all the ligands (1.6 Å ). Guest 4 was the most rigid throughout the simulations, with an average RMSF (0.6 Å ) that is almost two standard deviations below the average for all guests (1.6 Å ). While these findings do not fully explain the differences in free energies, they do highlight unique sampling trends that set these two ligands apart from the others. The fluctuations of guest 6 could impede convergence of the free energy data to accurate values, while guest 4 could be stuck sampling local configurations ( Fig. 2 ; Table 3 ).
Spline-fit curves for host-guest TI calculations
Plots of the oU ok data with k, and the fitted cubic splines used to compute DG complex , are shown in 3; the curves corresponding to calculation of DG free are very similar in functional form (not shown). Inspection of 3 reveals a significant difference in both the electrostatic and van der Waals data for guest 6 (pink), as the potential derivatives for this ligand span a much larger range of values along the alchemical pathway than do the other ligands. In the van der Waals curve for guest 6 (pink, 3b), the ligand potential derivative increases by 350 kcal mol À1 over the last three steps between k = 0.9 and 1; the k value 0.95 was added to smooth out the fitted curve in this region. In addition to integration error, force field issues behind this large jump in energy, observed for all independent simulations, could contribute to the inaccuracy of the free energy computed for this guest.
Correction to alchemical free energies computed for charged ligands After submission of the SAMPL3 blind prediction results and discussion with contributors, we decided to evaluate the effect of the correction in Eq. 3 on our results. During alchemical simulations of charged ligands, the system charge, neutral at k = 0, was changed after the ligand electrostatics were turned off, and a periodicity-induced shift in the free energy of binding can occur [40, 41] . As all the SAMPL guests except for guest 4 were charged, we computed the correction (see ''Simulation methods'') in hopes that the free energies, particularly for the ?2 charged guest 6, would improve. The results with this additional correction and experimental comparison are listed in 4. As expected from Eq. 3, with q = 2, guest 6 was most affected by the correction, shifting the binding free energy result by 1:7 kcal mol À1 closer to the experimental value. Overall, the correction reduced the RMSE by 0:4 kcal mol À1 , but the correlation coefficient is also reduced to 0.42 (compare blue and red data in 2). The corrected predictions for the guest 3 and 5 were even less favorable than the uncorrected free energies ( Fig. 3 ; Table 4 ).
Because of its neutral charge, guest 4 is unaffected by the additional periodicity correction. However, the pKa of the aniline group of guest 4 was questioned by the SAMPL contributors; the ionic environment of the host cation binding motif (four carboxylic groups) may shift the pKa of the guest aniline group. A systematic error for this molecule due to this neutral parameterization could explain the prevalence of overly favorable estimates computed in SAMPL3.
Additional potential sources of error
The highly charged nature of the host-guest binding in this study presents a challenge to the molecular models used in classical MD simulations. The host itself contains a cluster of 4 carboxyl groups, which interact with the cationic ammonium groups on its guests. The protonation states of these carboxyl groups were not clear, and in solution the states are likely dynamically exchanging. Thus, parameterization of the host as fully de-protonated, for a -4 charge, was an initial approximation that could affect all results. As described in a previous section, the host carboxyl group conformations change significantly from the crystal structure during equilibration (see above), which forces adjustment of the docked poses. TI calculations are dependent upon the accuracy of the docking pose used as a starting structure for the simulations. Equilibration gives limited relaxation time for the pose, and during the alchemical simulations the guest center of mass is restrained (see ''Simulation methods''). If the docking pose is a metastable state with a significant barrier to reorientation, the calculations will be not be accurate. This could be a significant contributor to error in all host-guest cases, particularly guest 4, which remains largely rigid throughout the calculation (Table 3) . Validation of docking pose predictions with crystallographic poses would be useful for targeting sources of error.
Conclusions
Binding free energies for the cucurbit-[n]uril host and seven ligands were predicted using alchemical MD simulations in explicit water and TI. The RMSE was 3:6 kcal mol À1 from the reference experimental results, with an R 2 correlation of 0.51. Two guests contributed most to these errors: the smallest, and only neutral guest 4 and the largest, only ?2 charged guest 6. We computed a periodicity-induced correction for alchemical simulations of charged ligands, which improved the binding free energy estimate for guest 6 by 1:7 kcal mol À1 . The corrections for the ?1 ligands were significantly smaller, and altogether the RMSE was reduced by 0:4 kcal mol À1 . Through RMSF calculations, we observed guest 4 to be significantly more rigid than other ligands; this ligand could be trapped in an incorrect binding pose that gives an overly favorable free energy estimate. Overall, we propose that parameterization and docking poses are significant contributors to error in the free energy predictions. Fixed partial charge assignment for MD simulations of the highly charged host and guests may be inaccurate in this case, where proton exchange likely occurs in solution. We propose that such a system could be an ideal target for constant pH calculations, which allow dynamic exchange of protonation states. Validation of the docking poses can reveal additional sources of error, as the starting structure heavily influences the dynamics of the alchemical simulations and accuracy of the results.
